Objective: To assess and compare the results of trifocal (two-level bone lengthening with compression at the nonunion site) and bifocal (one-level bone lengthening with compression at the nonunion site) bone transport using the Taylor Spatial Frame (TSF; Smith and Nephew, Inc, Memphis, TN) for postinfectious segmental tibial bone defects.
INTRODUCTION
Treatment of segmental tibial bone defects after highenergy trauma, tumors, or atrophic nonunion resection is challenging. 1 Many surgical treatment options have been proposed, including autogenous bone grafting (ABG), vascularized fibular grafts, and bone transport 2 ; however, these have limitations such as size of graft for large bone defects, donor site morbidity, and extended graft incorporation time. Vascularized fibular grafts allow filling of the defect with a viable segment of cortical bone; however, this is a technically demanding procedure associated with other problems such as stress fractures and nonunions. 3 Recently, the reamerirrigator-aspirator system (Synthes, Paoli, PA) has been adopted to harvest ABG in a minimally invasive manner from long bones. 4 This novel technique provides large amounts of ABG from the femoral cavity with less donor-site morbidity than iliac crest bone graft. 5 Gradual bone transport with external fixators uses the concept of compression-distraction while providing a large-diameter bone with intact blood supply to fill bony defects. 6, 7 In the last two decades, Ilizarov bone transport has become a gold standard for the treatment of segmental tibial bone defects. With this system, bone transport can be bifocal, consisting of one lengthening osteotomy and one compression or segment shortening at the nonunion site, or trifocal, consisting of two lengthening osteotomies plus compression at the nonunion site, depending on the size of the tibial bone defect. 8 Frequent frame modifications and the need for sequential correction of deformities during bone transport are the main limitations of the Ilizarov device. 2, 8 The Taylor Spatial Frame (TSF) applies the concept of the Stewart platform to the standard Ilizarov frame while applying the same principles of distraction osteogenesis postulated by Ilizarov. 9 TSF uses specialized struts and a computer program to calculate the position of imaginary ''hinges'' for simultaneous deformity correction in multiple planes. 10 The aim of this study is to report our experience with combined Ilizarov/TSF for segmental tibial defects.
PATIENTS AND METHODS
This retrospective study was approved by our hospital's ethical review board. We reviewed a consecutive series of 12 patients treated with TSF (Smith and Nephew, Inc, Memphis, TN) for infected nonunions between November 2004 and September 2007. Our study included all patients with soft tissue compromise and segmental tibial bone defects after bony resection for infected, atrophic nonunions; these patients were all treated by bone transport with combined Ilizarov/TSF. In all cases, the initial Ilizarov rods were applied for bone transport; the TSF struts were then used to correct axial deviations that occurred at the docking site or during transport. All patients were treated by the same surgeon (F.S.). We excluded all patients with aseptic nonunions and hypertrophic nonunions; in addition, we excluded any case in which conventional Ilizarov bone transport was not complicated by malalignment during treatment. During the collection period for this study, we excluded 23 patients who fell into these categories. As summarized in Table 1 , the study population included eight men and four women; average age at surgery was 44 years (range, 19-79 years). All patients had infected nonunions at the time of surgery and had previously failed surgical attempts to achieve union (average, three prior surgeries; range, 1-8). Data were collected from medical records and radiographs, including demographics, skin condition at the time of surgery, associated traumatic injuries, original open fracture grade, prior surgeries, microbial reports, history of plastic surgical reconstruction or vacuum-assisted wound closure, neurovascular status, range of motion of adjacent joints, and comorbid conditions, including smoking status and associated systemic diseases. Complications during and after treatment with distraction osteogenesis were also reported. Pin site infection was classified according to Dahl. 11 Preoperative and latest follow-up radiographic measurements were reviewed for both union and lower limb axis alignment in both the frontal and sagittal planes. Mechanical axis deviation was performed on the anteroposterior standing radiograph according to Paley et al; mechanical axis deviation should pass 9.7 6 6.8 mm medial to the center of the knee line. 12 External fixator time, compression/distraction time, lengthening index (months of treatment time divided by centimeters of lengthening), total obtained length, and segment transfer were all recorded. The Association for the Study of the Method of Ilizarov 8 outcome score was used to assess the results of our study.
OPERATIVE TECHNIQUE
The patients were positioned supine on a radiolucent table under general anesthesia. Nonunions were first treated with bone resection. Generally, the bifocal approach was used for defects between 2 and 7 cm, versus the trifocal approach, which was used for defects greater than 7 cm (Table 1) . We placed absorbable, gentamicin-impregnated, collagen fleeces (Septocoll, Biomet, The Netherlands) in the bone gap at the time of débridement in all cases. Radical bony resection of all necrotic bone was performed until bleeding, viable, bony margins were visualized proximal and distal to the nonunion site. TSF rings were placed on the proximal and distal fragments parallel to their respective joints, allowing adequate soft tissue clearance. The frame was mounted orthogonally to the mechanical axis of the tibia and fixed initially with a proximal and distal wire before fluoroscopic visualization. Additional wires and half pins were then inserted; in more proximal or distal tibial nonunions, the construct was extended to the distal femur or the foot, respectively, to achieve maximum stability of the frame. One screw and one wire were used for the bone transport segment (intermediate ring) and care was taken to keep the TSF master tab (the tab between struts one and two) free for future strut applications. We used conical, 6-mm, hydroxyapatite-coated half pins (Orthofix, Richardson, TX) and conventional 1.8-mm-diameter Ilizarov bayonet wires for fixation in all patients. A percutaneous osteotomy of the tibia was made using a Gigli saw through two transverse incisions in the skin. Initially, the conventional Ilizarov threaded rods were used for transport. We then used TSF struts to allow for both multiplanar correction of the limb axis and further fine-tuning of the regenerate site after docking. The six struts were adjusted gradually by the patient following the computer-generated daily adjustment schedule. The latency period before bone transport was 12 to 14 days, and the rate of osteotomy site distraction ranged from 0.5 to 1 mm per day, depending on regenerate quality. After docking, interfragmentary compression was continued at 0.25 mm per day for 7 days and then 0.25 mm every 2 weeks for 2 months. All patients had standard pin care with showering and application of dry gauze around the pins as well as antibiotics for 45 days after surgery. Creactive protein levels were periodically checked, and oral antibiotics were prescribed for patients with pin site infections. All patients were encouraged to partial weightbear with crutches beginning the second day after surgery, and isometric quadriceps and knee range-of-motion exercises were started. Radiographs were reviewed every 2 weeks during the distraction phase and monthly during the consolidation phase. Frames were removed when radiographs showed solid docking-site union and that the regenerate had three complete cortices. Two weeks before frame removal, dynamization was used by replacing the TSF struts with conventional Ilizarov threaded rods. The nuts on the connecting rods were released in a sequence, one or two rods everyday in intervals. Dynamization continued until the patient reported no pain at both nonunion and lengthening sites. The hydroxyapatitecoated half pins were removed under sedation in the operating room. After frame removal, patients were partial weightbearing for 4 to 6 weeks.
STATISTICAL METHODS
Descriptive statistics for the mean, ranges, and frequency were used for all continuous and categorical variables. We opted not to perform inferential statistics because of the small sample size.
RESULTS
Mean follow-up from removal of the apparatus was 24 6 4.7 months (range, 18-32 months). Mean bone transport lengthening was 8.0 6 2.6 cm (range, 3.0-12.0 cm), and mean external fixation time was 418 6 99 days (range, 300-600 days) with a mean compression/distraction time of 14.6 6 4.6 weeks (range, 7-24 weeks). Mean lengthening index was 2.0 6 0.9 months/cm (range, 1.1-4.0 months/cm). Six patients were treated with proximal-to-distal, single-level transport versus the other six patients with a double-level transport (two proximal-to-distal, three distal-to-proximal [ Fig. 1 ] and one both-ends-to-center). The tibial frame was extended to the foot in six patients, and one patient had temporary extension to the distal femur for a proximal tibial nonunion. All patients except two had docking site revision with autogenous bone graft. In the other two patients (Cases 5 and 7), bone graft was not used because of the limited extent of bone resection, faster bone contact, and good viability of the resected bone ends. Six cases were treated with bifocal techniques and six were trifocal. Complete union was obtained in all patients. No refractures of regenerate or nonunion sites occurred after frame removal. For two patients (Cases 3 and 11), vacuumassisted therapy was initially used for open wound treatment; a soleus rotational flap was then used to cover the proximal third, anteromedial wound in each patient (Figs. 2 and 3 ). Five patients (42%) attained healing of their soft tissue defects during the bone transport procedures; three other patients (25%) had soft tissue interposition at the docking site treated by excision at the time of the docking site surgery.
In the bifocal technique group, average lengthening was 5.5 cm with a compression/distraction time of 15 weeks; these patients were in the frame 457 days, on average, and average lengthening index was 2.63. In the trifocal technique group, average lengthening was 9.7 cm with a compression/distraction time of 14 weeks. This group had an average of 379 days in the frame with an average lengthening index of 1.31 (Table 1) .
Using the Association for the Study of the Method of Ilizarov outcome score, bony results were excellent in 83% (10 patients) and good in 17% (two patients). Functional results were excellent in six patients (50%), good in five (42%), and fair in one (8%) ( Table 2 ). All 12 patients returned to their preinjury work activity. Ten patients developed pin tract infections: five patients were Grade II (42.6 %, treated with local care), four were Grade III (33%, treated with oral antibiotics), and one was Grade IV (8%, treated with wire retensioning and oral antibiotics). 11 There were no relapses of osteomyelitis either clinically or radiographically. In addition, our patients had no significant residual deformities (see Table 2 for mechanical axis deviation values). For each patient, at the time of final follow-up, we measured the medial proximal tibial angle, the lateral distal tibial angle, the posterior proximal tibial angle, and the anterior distal tibial angle. All of these measured values were within the normal range 12 (see Fig. 4 ). Half pin breakage occurred in three cases and half pin loosening required early removal in one. Equinus ankle contractures occurred in three patients with large bone defects; these were trifocal bone transports, two retrograde and one antegrade. Correction was obtained with Achilles tendon lengthening and maintained with extension of the frame to the foot. One patient (Patient 6) developed a peroneal artery pseudoaneurysm after docking site surgery, which was treated with arterial embolization. Two patients had limb length discrepancies measuring 1.5 and 2.0 cm; these were treated with internal shoe lifts and resulted in no functional problems. Three patients (Patients 4, 6, and 8) treated with bifocal transport for large defects (7.0, 6.8, and 10.0 cm, respectively) had minimal regenerate bending (less than 5°). In these patients, the bending was observed clinically and radiographically; however, none of these patients developed progressive deformity necessitating surgical intervention. See Table 2 for further details on complications.
DISCUSSION
The management of segmental tibial defects after bony resection of atrophic nonunions is challenging for orthopaedic surgeons. The goals of the treatment are multiple, including achieving union and soft tissue coverage, correcting limb axis deviation, equalizing limb length discrepancy, and treating established infections, all while allowing for functional recovery. 2, 12, 13 Indications for the use of circular external fixators include proximal or distal metaphyseal or diaphyseal tibial nonunions or malunions, tibial fractures with bone loss, limb length discrepancies, poor soft tissue coverage, and infected nonunions. 14 As a result of the complexity of performing sequential deformity correction using the Ilizarov system for the management of axis deviation during bone transport, we used the TSF struts and computer program. With this system, deformity correction can be achieved simultaneously with bone transport by adjusting the length of the six connecting struts without modifying the frame.
There are few reports in the English literature for bone transport with TSF.
9,10 Rozbruch et al 9 have recently reported on 38 tibial nonunions treated with TSF. This study included 18 patients with atrophic nonunions. There were 20 lengthening or bone transport procedures including three trifocal techniques. In this series, bony union was achieved after initial treatment in 27 (71%) patients. Nine of the 11 initial failures were in the infected nonunion group. Nho et al 15 reported on an infected nonunion with a 6-cm segmental tibial defect and a 2 3 2.5-cm soft tissue defect treated with bone shortening and angulation by TSF. The osseous deformity and shortening were then corrected after wound healing.
Feldman et al 10 reviewed 18 TSF cases, including five patients with atrophic tibial nonunions. In this article, two infected nonunions were treated with radical débridement, placement of gentamicin beads, and then staged TSF application 6 weeks later. Nine patients had autogenous bone grafting at the time of frame application. They achieved bony union in 17 of 18 patients. However, bone transport techniques were not mentioned in the article. In our study, the union rate for complex, infected, atrophic tibial nonunions was 100%. In comparison, the reported union rates for atrophic tibial nonunions treated with bone transport by circular external fixators are variable in the literature.
Paley et al 8 reported 100% union in 22 patients with atrophic nonunion treated with nonunion resection and Ilizarov bone transport. The same findings were reported by Saleh et al. 16 Other studies have shown that infected nonunions have a higher risk of failure than noninfected cases. Dendrinos et al had 11% nonunions requiring bone grafting out of 28 infected tibial nonunions treated with Ilizarov frames; one patient in their study ended up with an amputation. 17 In comparison, Ebraheim et al had one patient who needed a below-knee amputation for persisting infection and unremitting pain after Ilizarov treatment and bone grafting; this was out of a series of nine nonunions. 18 All patients in our study returned to their preinjury activity levels and jobs, which had a positive impact on both the psychologic and social status of our patients. According to the Association for the Study of the Method of Ilizarov criteria, our bony results were 83% excellent and 17% good compared with functional results of 50% excellent, 42% good, and 8% fair. This finding is not unique in the literature. Paley et al 8 included 19 patients with tibial bone defects treated by the Ilizarov method. The bony results were 74% excellent, 16% good, 5% fair, and 5% poor compared with functional results of 63% excellent, 32% good, and 5% poor. Rozbruch et al 9 reported on 38 tibial nonunions including 11 atrophic nonunions, bony results of 63% excellent, 32% good, and 5% poor versus functional results of 53% excellent, 37% good, 5% fair, and 5% poor.
Another important observation from the present study was the effectiveness of trifocal bone transport in terms of mean lengthening index (1.31, compared with 2.63 in the bifocal group) and average bone transport (9.7 cm versus 5.5 cm in the bifocal group). Unfortunately, as a result of our small patient number, the data were not enough to make statistical conclusions and further studies are needed. The advantage of the trifocal technique with large bone defects has previously been demonstrated by Cierny 7 , and we recommend trifocal bone lengthening for large bone losses. Docking site revision with ABG was necessary in 83% (10 of 12) of our cases; other authors have had similar experiences. 19, 20 Song et al 6 used ABG in 93% (25 of 27) of tibial bone transport cases compared with Paley and Maar, 8 who reported that 53% (10 of 19) of cases required bone grafting. Cierney 7 proposed that ABG should be used when bone transport was 6 cm or greater.
We acknowledge that we did have complications in our study; however, the rate was reasonable with regard to the complexity of these cases. Equinus contractures of the ankle are a frequently encountered complication during tibial lengthening and tibial bone transport. Equinus contractures are more common in trifocal, compared with bifocal, bone transport as a result of rapidity of lengthening; this is despite physiotherapy, stretching, and splinting. 21 Eldridge 22 reported the incidence of ankle equinus from 1% to 7% and suggested incorporation of the foot in fixation for lengthenings of more than 10% of the total tibial length. Other authors have reported complications associated with bone transport, including reflex sympathetic dystrophy, docking malalignment and delayed/nonunion, regenerate fracture, flexion contractures, psychosocial hardships, and persisting infection. 2, 8, 9, 13 Further limitations of our study include the small sample size, retrospective design, and the need for further comparative studies to prove the efficacy of bone transport with TSF compared with Ilizarov.
In this study, complete eradication of infection was achieved in all patients (100%) at final follow-up. This finding reflects the effectiveness of radical débridement of all dead bone during the initial surgery, which has previously been reported by Cattaneo et al. 2 Our results are promising in terms of achieved union rates, axis alignment of the lower extremity, and eradication of infections. We have shown that combined use of the TSF and Ilizarov for bone transport is useful for treatment of segmental tibial bone defects.
